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Abstract To examine the natural colonisation of native
mangrove species into remediated exotic mangrove
stands in Leizhou Bay, South China, we compared soil
physical–chemical properties, community structure and
recruitments of barren mangrove areas, native mangrove
species plantations, and exotic mangrove species—Son-
neratia apetala Buch.Ham—between plantations and
natural forest. We found that severely degraded man-
grove stands could not regenerate naturally without
human intervention due to severely altered local envi-
ronments, whereas some native species had been re-
cruited into the 4–10 year S. apetala plantations. In the
first 10 years, the exotic species S. apetala grew better
than native species such as Rhizophora stylosa Griff and
Kandelia candel (Linn.) Druce. The mangrove plantation
gradually affected soil physical and chemical properties
during its recovery. The exotic S. apetala was more
competitive than native species and its plantation was
able to restore soil organic matter in about 14 years.
Thus, S. apetala can be considered as a pioneer species
to improve degraded habitats to facilitate recolonisation
by native mangrove species. However, removal to con-
trol proliferation may be needed at late stages to facili-
tate growth of native species. To ensure sustainability of
mangroves in South China, the existing mangrove wet-
lands must be managed as an ecosystem, with long-term
scientific monitoring program in place.
Keywords Competitive exclusion Æ Mangrove Æ
Ecosystem restoration Æ Invasive species Æ
Sonneratia apetala
Introduction
Woody mangrove plants are well known for their well-
developed morphological and physiological adaptations
to their environmental conditions. Mangrove species
grow at the interface between land and sea in tropical
and sub-tropical regions with high salinity, brackish
waters, and muddy, anaerobic soils, and play a very
important role in the ecosystem processes of coastal
areas. Mangroves create unique ecological environments
that host rich assemblages of species, and also protect
and stabilise coastlines, enrich coastal waters, yield
commercial forest products, and support coastal fisher-
ies (Snedaker 1984). However, accumulating evidence
shows that mangrove species are particularly sensitive to
human disturbances (Kovacs 1999; Lugo 1999; Zedler
2000; Kathiresan and Bingham 2001; Macintosh et al.
2002). In the past several decades, habitat destruction
through human encroachment has been the primary
cause of mangrove loss. Diversion of freshwater for
irrigation and land reclamation have destroyed extensive
mangrove forests, and heavy historical and continuing
exploitation has severely damaged the remaining man-
grove habitats. Early mangrove management has fo-
cussed on timber production and fuel wood, and
mangroves have been managed for cultivation of fish,
shrimp, and ecotourism. Because of this, conservation of
remaining mangrove, and restoration of the most
extensively degraded mangrove, has become a growing
concern for ecologists, policy makers, and the general
public (FAO 1994; Field 1999; Ellison 2000).
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Field (1999) and Ellison (2000) have reviewed and
summarised many mangrove remediation/restoration
projects. Among the restoration projects, silviculture is
the principal practice. Coastal stabilisation and envi-
ronmental mitigation or remediation have often been the
objectives (Lewis 2005). Many restored mangrove forests
resemble forest plantations rather than truly integrated
or natural mangrove ecosystems. These plantations
could be used as a first step toward mangrove remedia-
tion (Ellison 2000). Along with the relative reduction of
sea level and the physical and chemical amendment of the
soils, the mangrove community succession is gradual and
progressive, and species replacement is orderly and pre-
dictable, from the simple pioneer stage through to the
final stage (Zedler 2000). Where degraded mangrove
systems are revegetated, continued monitoring and
thorough assessment are needed to help understanding
the recovery processes. This knowledge will help devel-
oping strategies to promote better remediation of de-
graded mangrove. However, so far little has been done to
monitor and assess the early development and growth of
planted stands, especially when exotic species are planted
and re-colonisation by native mangrove species occurs.
’Guangdong province in China has important man-
grove habitats, harbouring about 50% of Chinese man-
grove (Lin 1999), over 80% of which are in the Leizhou
Peninsula (Li 2003). The destruction of mangrove habi-
tats has been caused by continual deforestation, fish/
shrimp-pond building, and the extension of urban areas.
The total area of mangrove ecosystem in Leizhou Penin-
sula decreased from about 14,027 ha to about 7,305.8 ha
(including the 2,378.3 ha successfully remediated during
1991–2000) from 1956 to 2001. According to the State
Forestry Administration of China, 2,000 ha mangrove
will be planted per year during 2003–2007, with Leizhou
Peninsula as the key area. Three classical remediation
methods (natural remediation, indigenous species plant-
ing and exotic species introducing ofmangrove) have been
practised in the Leizhou Peninsula during the past
10 years (Han et al. 2003; Lin and Liu 2003).
The exotic mangrove species Sonneratia apetala
Buch.Ham, was introduced to China in 1993. In this
short period it has spread to Hainan, Guangdong,
Guangxi, and Fujian provinces. More than 50 papers on
S. apetala Buch.Ham plantation ecosystems were pub-
lished between 1995 and 2005 (Lin et al. 2006). These
reports described the morphology, geographical distri-
bution, biological characteristics and adaptability of
ecological factors. Some reported the ecological effects
of S. apetala Buch.Ham plantation; those results showed
that the soil type changes, the pH of the soil is reduced,
and nitrogen, phosphorus, potassium and salt are in-
creased. During the course of community forming, the
biodiversity at first decreases and then increases (Zan
et al. 2001a, b; Wang et al. 2002; Liao et al. 2004).
Here we compare the soil properties, community
structure and recruitment of barren mangrove areas,
native species plantations, and exotic mangrove species
between planted and natural mangrove forests. In
particular, we evaluate the growth of the exotic man-
grove species S. apetala, and the re-colonisation of non-
planted native mangrove species.
Methods
The study area is situated on the Leizhou Bay coast,
about 20 km from Leizhou City (10903¢E, 2030¢N),
Guangdong, South China (Fig. 1). The annual average
temperature is 22.9C (28.4C in July and 15.5C in
January) and the annual precipitation is 1,711 mm
(about 73% in the rainy season, April–October, and 27%
in the dry season). The soil is mangrove acid soil with
three typical layers (0–10 cm: black, with organic matter,
10–40 cm: grey, and >40 cm: yellow or mixed colour).
The pH value for top soils is 6.9 (Han et al. 2001).
A survey in 2005 showed that there were a total of
1,606.9 ha mangrove area in Leizhou Bay but only
106.8 ha remain undisturbed. In total, 16 plant species
of mangrove are found in the bay. The area of man-
groves in the bay had declined by 1,675.6 ha during the
period 1980–2005. On the whole, the mangrove area in
the bay has decreased markedly, due mainly to its
transformation to aquaculture, which has profoundly
affected the development of the local society and econ-
omy. The mudflats and mangrove areas of Leizhou
Peninsula were listed as key sites for artificial ecological
remediation in the 1990s, and local coastal governments
have taken effective planting initiatives for native species
such as Kandelia candel and Avicennia marina (Forsk.)
Vierh. Besides native species, S. apetala, a native of
Bengal, was successfully introduced into Leizhou Bay in
1993. It was first introduced into Dongzhaigang man-
grove Nature Reserve of Hainan in 1985, then into
Leizhou Bay, where it grew well (Li et al. 1998; Wu et al.
2000; Chen et al. 2004; Liao et al. 2005; Lin et al. 2006).
Extensive native mangroves historically covered the
area. However, due to human disturbances, only small
patches of natural stands remain. Within the study area,
a freshwater channel passes through the edge of the
woodland and provides year-round fresh water from the
drainage in a sea-dyke. Geomorphologically, the site is
also at the landward side of the intertide. Regular tides
affect the stand, and the ground surface is about 1.5 m
under water at high tide, and 0.6–1.2 m above water at
low tide.
The quadrats of natural mangrove forest, barren site,
native species mangrove plantation, and 4-, 5-, 8- and
10-year exotic species—S. apetala—plantations, were
placed around the estuary. The barren and natural forest
sites were treated as controls due to the similarity of
environmental conditions, close distance and site his-
tory. The native species mangrove plantation was
established in 1993. Seedlings of Rhizophora stylosa and
K. candel were separated to individual plants in each
block along a transect. The space between planted
seedlings was 2 m, giving 2,500 individuals/ha. The
plants did not grow well and about 30% individuals died
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after several months. Plantations of S. apetala (seed-
lings) were established in 1995 (10-year), 1997 (8-year),
2000 (5-year), and 2001 (4-year). The space between
planted seedlings was 2 m, again giving 2,500 individu-
als/ha. Most individuals survived and grew well. The
natural forest sites were small patches of secondary
natural stands with little human disturbance. The barren
site was kept for natural remediation after the mangrove
was cleared out 20 years ago.
In 1998, we established research quadrats for the
study of biomass and community structure. We moved
on to ecological restoration in 2004 and established re-
search transects. The last field survey of all the com-
munities was conducted in May 2005. We established
seven transects across the whole land–sea interface zone
for each ecosystem in the study area, and various
numbers of 10 m · 10 m quadrats were placed along
each transect depending on the length of the transects
(number of quadrats: barren sites, 3; native plantation,
4; natural site, 3; exotic species plantation 4-year, 3;
exotic species plantation 5-year, 7; exotic species plan-
tation 8-year, 8; exotic species plantation 10-year, 3).
For each of the four types of ecosystems (i.e. natural
mangrove forest, barren site, native species mangrove
plantation, and S. apetala plantations) and the four age
classes (4-, 5-, 8- and 10-year) of S. apetala plantation,
only three quadrats were selected for further analysis.
The number of species, plant height, diameter at breast
height (DBH—trees only), basal diameter, crown size,
and growth status (alive or dead) of each individual were
recorded. Density, basal area and absolute frequency,
the important value (IV), number of species, and
Shannon–Weiner (SW) index were computed (Snedaker
1984; Krebs 1985).
Three 20-cm soil cores were taken from each of the
10 m · 10 m quadrats randomly to form amixed sample,
using a 3.7-cmdiameter coring tube. Three replicates were
taken from each quadrat at low tide. Water content was
measured by the weight loss method. Salinity was mea-
sured using an optical refractometer, and temperature
and pH were measured using an auto-thermometer and a
pH meter, respectively. Samples were oven-dried at 80C
for about 3 days until constant dry weight was obtained,
then stored for analysis. Analysis of organic matter, total
N, total P, and clay followed Wartel et al. 1995 (see also
Arnold 1986; Robert et al. 1997; Bosire et al. 2003).
The sediment characteristics data were assessed by a
Tukey-test after one-way ANOVA (P < 0.05) to indi-
cate significant differences. All statistics were analysed
by SPSS11.5 software.
Results
Physical conditions
Among the ecosystems studied, the barren sites showed
the harshest physical conditions for plant growth, i.e.
Fig. 1 Locations of the study sites in Leizhou Bay, Guangdong,
South China. The numbers represent different ages of plantation: 1
5-year plantation, 2 natural mangrove forest, 3 barren sites, 4
8-year plantation, 5 4-year plantation, 6 artificial native mangrove
plantation, 7 10-year plantation
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lowest organic matter, total N, and total P content, but
highest proportion of sand compared to other sites. In
contrast, the natural mangrove forests showed the best
conditions as indicated by the high content of organic
matter, total N and clay. In the planted stands of exotic
species, all conditions improved with planting age, i.e.
salinity, organic matter content, and proportion of clay
all increased with planting age while pH declined, and
there was no clear trend in total N and P. By the
10th year, most conditions in the exotic plantations had
become similar to those found in natural mangrove. This
suggested that there were significant effects of mangrove
plantation on soil physical and chemical properties dur-
ing the course of recovery (Table 1). The improvement in
soil physical and chemical properties in plantations
facilitated the invasion of native mangrove species.
Regression analysis showed that the organic matter
content of plantations could reach that of natural man-
grove communities in about 14 years (Fig. 2).
Community structure
In the past 10 years, no plants (including mangrove
species) were found in the barren sites (Table 2). Pure
stands of R. stylosa and K. candel were planted sepa-
rately but neither species colonised or invaded each
other’s stands, although in natural mangroves A. mar-
ina, K. candel, Aegiceras corniculatum (Linn.) Blanco
and R. stylosa are the dominant species.
In the S. apetala plantations, the planted species was
still the single dominant species after 10 years, and both
species richness and density of mangroves were lower
than that in natural mangrove communities, although
most element conditions were already restored.
Recruitment
We did not observe any native mangrove species seed-
lings in 1–3 year S. apetala plantations. The plant
height, DBH and cover of S. apetala all increased with
planting age. However, native species such as K. candel,
R. stylosa, A. marina, and A. corniculatum started to
colonise in 4-year S. apetala plantations and more spe-
cies and individuals were observed in 4–5 year planta-
tions. The monoculture native species mangrove
plantations grew slowly and no natural regeneration or
re-colonisation was observed. Comparatively, the spe-
cies richness was higher and there were rapid recruit-
ments, with most of the new seedlings being native
species in natural forests. The 5-year plantation ranked
second in terms of seedling density (both native species
and exotic species). The 8-year plantation ranked the
third in recruits but the planted species had no new
seedlings, and all recruited seedlings belonged to one re-
colonised native species. The 10-year plantation had two
species (one planted and one native) and 52.4% of the
seedlings belonged to native species (Table 3). The T
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regeneration of mangrove was determined by seed
source and seedling quantity. Table 3 also indicated that
S. apetala could not regenerate in its plantation. Some
native mangrove species could invade the 4–5-year-old
S. apetala plantations, but those native species disap-
peared after 10 years in plantation. In addition, most
recolonisation occurred in quadrats far away from sea-
water.
Discussion
Long time periods may be required for barren lands to
develop vegetation in extremely degraded environments
without human assistance. We found no natural re-col-
onisation in barren sites after 20 years but some species
had recruited into several S. apetala plantations after
4 years. These results indicate that clearing mangroves
may provide an obstacle to natural regeneration,
whereas S. apetala plantations can greatly modify the
y = 0.0177x2 - 0.0368x + 1.1211
R2 = 0.974
0
1
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0 2 4 6 8 10 12 14 16
Year
)
%(rett
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Fig. 2 Relationship between age of plantation and soil organic
matter content
Table 2 Community characteristics of the study sites with different stands. IV Important value, SWI Shannon–Weiner index
Stand Characteristic Avicennia
marina
Rhizophora
stylosa
Kandelia
candel
Aegiceras
corniculatum
Sonneratia
apetala
Total
Native mangrove plantation Density (N/ha)a 7,333 5,767 13,100
Basal area (m2/ha) 0.026 0.239 0.265
Frequency 0.3 0.7
IV 0.33 0.67 1.00
Mean stand height (m) 1.9 0.9 1.55
Number of species 2
SWI 0.47
Natural mangrove forest Density (N/ha)a 13,133 1,233 7,967 2,400 24,733
Basal area (m2/ha) 1.103 0.166 0.236 0.091 1.596
Frequency 1.0 1.0 1.0 1.0
IV 0.48 0.13 0.23 0.15 1.00
Mean stand height (m) 1.21 1.10 1.70 1.60 1.62
No of species 5
SWI 1.38
Exotic species plantation
(4-year)
Density (N/ha)a 367 2,267 233 700 3,567
Basal area (m2/ha) 0.064 0.137 0.100 9.888 10.189
Frequency 0.7 1.0 1.0 1.0
IV 0.10 0.31 0.12 0.48 1.00
Mean stand height (m) 1.40 1.31 1.00 3.5 3.32
No of species 4
SWI 1.47
Exotic species plantation
(5-year)
Density (N/ha)a 6,533 200 1,867 200 1,467 10,267
Basal area (m2/ha) 0.906 0.068 0.780 0.003 3.005 4.760
Frequency 1.0 0.7 1.0 0.3 1.0
IV 0.36 0.07 0.20 0.03 0.34 1.00
Mean stand height (m) 0.9 0.72 0.71 0.50 4.35 4.35
Number of species 5
SWI 1.40
Exotic species plantation
(8-year)
Density (N/ha)a 11,833 1,567 13,400
Basal area (m2/ha) 0.504 1.733 2.237
Frequency 1.0 1.0
IV 0.54 0.46 1.00
Mean stand height (m) 1.00 7.50 7.50
Number of species 2
SWI 0.77
Exotic species plantation
(10-year)
Density (N/ha)a 1,067 1,067
Basal area (m2/ha) 7.005 7.005
Frequency 1.0 1.0
IV 1.00 1.00
Mean stand height (m) 12.2 12.2
Number of species 1
SWI 0.00
Barren sites: no plants
a Not including seedlings
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site conditions in a way that facilitates the survival and
establishment of the propagules of native species. These
results are somewhat similar to those of other studies
(Field 1999; Ellison 2000; Bosire et al. 2003; Liang et al.
2005). Compared with barren sites, salinity and inter-
stitial water temperature were lower, and the organic
matter content was higher, in most restored and natural
sites. The possible causes include shading, aerial roots
breaking waves, hydrological dynamic changes, and
plant nutrition cycle.
Our study suggests that natural regeneration may not
occur, and that artificial regeneration (i.e. plantation) of
native mangroves may not be effective, in seriously de-
graded mangrove ecosystems. In severely degraded
ecosystems, regeneration of mangrove vegetation might
not occur without human intervention because natural
regeneration replies on naturally occurring propagules
of mangroves. Natural colonisation rates vary among
sites and mangrove species, but it is still the first choice
for a restoration program. After the physical environ-
ment is modified, artificial regeneration involves plant-
ing of propagules (seeds) or seedlings in severely
degraded region where there are insufficient seeds or
natural regeneration pathways.
Our results indicated that the growth performance
of the exotic mangrove species, S. apetala, was better
than that of some native species such as R. stylosa and
K. candel in the first 10 years after plantation. Due to
its fast growth and high adaptability, S. apetala is now
also being introduced to Fujian Province (10830¢E and
2423¢N). Local governments even intended to widely
expand distribution of this species in China’s southeast
coasts. However, restorationists are beginning to worry
about its invasive potential in native mangrove stands.
Therefore, it is necessary to assess the ecological risk of
such species introduction at a broader (regional) scale
(Zan et al. 2003). Our study has shown that S. apetala
plantations facilitated the re-colonisation of native
mangrove species in early stages, where it behaves as a
nurse plant. However, its high self-regeneration ability
in the community prevents the natural succession of the
native community. Therefore, we might use S. apetala
as a pioneer species to improve habitats and to facili-
tate re-colonisation of native mangrove species. As
soon as the deposition conditions are restored, ornative
species are suppressed by the exotic species, we should
then artificially remove S. apetala so that native species
can dominate the community. Thus, the restoration
could then follow ideal natural self-organisation pro-
cesses.
It is clear that monitoring of the plantations for only
10 years is still not long enough to examine whether re-
colonised native species can eventually take over or out-
compete the planted exotic species without human
intervention, since the deposition conditions have not
yet been fully restored. We suggest removing planted
exotic mangrove species about 5 years later to ensure the
performance of native species, but the optimal time for
this artificial removal needs further investigation. Fur-
ther monitoring and comparative studies of different
remediation treatments would be useful. It is also clear
that, to make sustainable use of mangrove in South
China, it is necessary to protect all the existing mangrove
wetlands in situ by setting up natural reserves and
excluding further anthropogenic destruction, and
developing a solid scientific program for restoration.
Furthermore, carefully designed broad-scale monitoring
and enhanced education programs are critically required
to effectively protect the limited resources of mangrove
ecosystems.
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